Abstract-This paper continues on from [1] where a grid connected inverter with ancillary functions was explained, designed and simulated. In this paper, the project will continue implementing the converter in a microgird; experiments have been conducted to evaluate the performance and fulfillment of a grid code compliant inverter. Before, the system had the capability of changing, automatically, the internal converter dynamics. Now, these functionalities have been exploited further and the it is able to adapt its response speed even when the system is already connected and injecting power to the grid. This characteristic makes the converter not only fully compliant with the most common grid codes of Spain, Denmark and the UK but also dynamic depending on the grid situation. As a result, the converter is more grid-friendly and easily customized and at the same time improves the stability of the converter itself.
I. INTRODUCTION
With the increased installation of converter-based system into electrical systems, stability problems have progressively steadily risen; countries with high converter connected generation such as UK, Ireland or Spain have begun to face technical difficulties [2] , [3] , [4] . In order to overcome these new challenges, the expectations of how grid connected converters operate are changing. If there is no fault or transitory effects on the grid, it is more convenient for the grid to make the converter control slower [5] . This makes the converter more robust to weak systems where the voltage quality of the grid to which the system is connected is poor, and the voltage transients are frequent. Due to the lack of speed on the control loop, the resulting control has an averaging effect over the events occurred on the voltage signal, responding to this in a much smoother manner than a faster, more nervous control. As a result, the system reacts like a system with a higher inertia, mitigating possible dangerous overshoots and swings in power that a faster control could provoke. This is further studied in [5] where an advised control bandwidth of less than 5 Hz is recommended to get a robust system.
On the other side, the so-called ancillary functions or grid supporting functions demand a fast response against events on the grid. As an example the Low Voltage Ride-Through curve is a common grid supporting function. It explains how the system has to react against a voltage drop to return the voltage to its nominal value, normally, injecting reactive power. As it can be seen in Fig. 2 , the response required from the converter must be less than, between 0.15 and 0.6 seconds, depending on the country where the inverter is installed.
Without taking into consideration the difference in response time (this will be later discussed), it is clear that this requirement clashes with the one discussed previously where a 5 Hz of control bandwidth is advised.
In order to overcome this, converter systems are usually designed for the highest control bandwidth possible, allowing them to perform these ancillary functions very fast without major problems; however, as it has been explained before, this fast response would not be ideal. For the case where no events occur, the best performance possible would be to have a lower bandwidth; however, if any event is recognized, the ancillary functions will require a high one to respond with speed enough to fulfill the requirements.
In [1] a system with ancillary functions that has the capability of auto-designing its internal dynamics was presented and explained in high detail. For a defined crossover frequency (Fc) and phase margin (PM), the regulators gains were calculated in a parameter file that is run before the control, and the converter, begin to operate. Therefore, this functionality was only available before the system was connected and injecting power to the grid. In this paper, this functionality will be further exploited, allowing the reconfiguration of the internal regulator gains dynamically by changing PM and Fc. If the control notices a change in these values, the regulator gains will be recalculated to satisfy the new dynamics. As a result, the converter will have flexible dynamics, ideal for both the grid and the converter.
Additionally, this plastic behavior is also very interesting from the converter manufacturer point of view. Since, as explained previously, the grid codes can vary immensely between countries (see Fig. 2 ); it should be necessary to set, in-situ, the regulator gains that satisfy the demanded dynamics for each grid code of each country. This high level design allows a much easier reconfiguration of, at least, the control 978-1-5090-2364-6/17$31.00 c 2017 IEEE Fig. 1 . Presentation of the system part of the converter. Depending on the converter design and the required dynamics, it is highly likely that a change in just one or two parameters (Fc and/or PM) from the parameters input set would allow a customizable response of the system that satisfies a pursued response.
II. PRESENTATION OF THE SYSTEM
The converter consists a DC power supply of 600 V and 25 Amps, a Semikron SKS 25F converter which includes all the drivers for the IGBTs. Its output is filtered through a LC (Lf and Cf ) filter connected in delta configuration. The capacitor Fig. 2 . Different LVRT curves for various countries [6] includes a small resistance in series to damp the resonance frequency of the filter (Rd). Following, an anti-windup resistor (Rant) is connected in series to provide a safe initialization of the system. Once the system is fully engaged, these resistors are bypassed by the contactor connected in parallel. Then, a contactor engages and disengages the converter. Finally, a delta-star transformer steps up the voltage to nominal level from 240 to 400 Vrms line-to-line. All the control is run in a dSPACE box based on the DS1006 processor card. Voltages and currents have been measured with sensors LEM LV-25P and LA-55P respectively. A table is attached in the appendix for the system values.
A. Modifications from previous work
As introduced previously, this paper continues on from the work done in [1] . Since the vast majority of the work remains intact, please refer to [1] for a detailed explanation of each block presented in Fig. 1 . However, some modifications have been made since the system has been implemented in the lab. Therefore, and in order to improve the reproducibility of the system, all the changes will be detailed as followed:
The output filter in [1] was based on an inductance. In this paper the filter is upgraded to a LCL configuration, providing more rejection on the high frequency spectrum. In this case, the main DC power source is not a solar panel. Here, it is a DC power supply of 600 V and 25 Amps maximum. Since 1,168 The system now includes a new block that is not shown in Fig. 1 since it does not affect to the normal operation. This new block (shown in Fig. 3 ) is in charge of initializing the system safely, as well as continuously monitoring the system. If the system is exposed to dangerous situations where the integrity of the converter can be compromised, this block will disengage the system. Fig. 1 and Fig. 3 , contain the input parameters of the system listed as following; in Fig. 1 , the active (Pref o) and reactive ( Qref o) power references, a reset for the integral part of the regulator and Fc and PM to change the speed response of the system; In Fig. 3 , the switch on and off of the system. The only output of the system is in Fig.1 and corresponds to the IGBTs firing signals (G IGBT) (shadowed in blue). Finally, contactor actions are in red. As it can be seen from Fig. 1 , the logic of control is based on the standard vectorial current control. It measures the output currents and voltages and transforms them into the dq0 rotatory frame. This logic of control makes the converter able to provide a requested active and reactive power reference. Additionally, the ancillary functions (primary regulation, voltage control and synthetic inertia) outputs are combined modifying slightly the power reference values.
B. Logic of control of the system

C. Customizable response of the system
Since this flexible behavior has already explained, please refer to [1] for a complete explanation. The contents explained in this section are just a summary. The method used here is based on the calculation of the gains of Ti and Kp of the PI regulator on the continuous domain. The plant to control the system is based on the output filter. Authors in [1] and [7] observed that the LCL filter plant can be approximated, for the regulation calculation purposes, as one unique equivalent inductance since it sets the dominant pole of the system that compromises the stability of the system. The plant with the regulator would then have the configuration presented in Fig. 4 . Where Lf and ro are the inductance and parasitic resistance of the filter (ro is not represented in Fig. 1 because it does not actually exist) .
It is then possible to find Kp and Ti for a given set of PM and Fc using the equivalent plant including the feedback loop and calculating the value of the resulting system in magnitude and angle for the demanded Fc (s = 2πF c):
In [1] this calculation was done before the converter was connected to the system but in this paper, both equations have been included inside the logic of control. Therefore, every single time PM, or Fc, are changed, a new set of Ti and Kp that satisfies these new values is calculated automatically and updated into the controller providing this dynamic behavior.
III. EXPERIMENTS
As it was initially introduced, the system has been implemented in the lab. The cited flexible behavior has been put into analysis and the results are presented in Fig. 5 . The plots shown from top to bottom are as follows: phase voltages (Vabc), current voltages (Iabc), the active power reference and the real one extracted from the measured signals (Pref/Preal); the reactive power reference and the real one (Qref/Qreal), the phase margin (PM), and the crossover frequency of the inner current loop (Fc). The experiment starts with the converter injecting 2 kW of active power with an initial crossover frequency of 100 Hz. At approximately 2.1 seconds, a step of 2 KVAr in the demand of reactive power from the transmission/distribution system operator side is executed. After approximately 200 ms, the demand is satisfied and the converter injects a total of 2 kW of active power and 2 kVAr of reactive power. At 3 seconds the voltage falls to 0.85 pu (see Fig. 6 ), this is recognized by the internal logic and the system automatically reconfigures itself to fulfill the grid codes. In order to do so, a new reactive power step of 2 KVAr is applied in Qref. Since this step comes from a grid supporting function, this response has to be faster than the previous command. Thus, automatically, the crossover frequency is increased to 300 Hz. Internally, the gains from the PI regulators are recalculated and the reference is satisfied in a faster time than before. As a result, for the same step of reactive power (2 kVAr), the former is much slower than the latter, probing with it the conditioned behavior of the system depending on the events occurred on the grid.
It is important to remark that, from [1] and [4] , it can be observed that this grid supporting function works with a lookup table and a gain to make the system respond proportionally to the voltage drop. In this case, for illustrations sake, this gain has been calculated in such manner that for a 15 % voltage dip, an additional 2 KVAr are injected (Q PCC reg = 2kVAr). Calculating the gain in this fashion makes it possible to perform a comparison between two equal steps of reactive power. One commanded by the operator, and other one by the grid supporting functions.
According to [8] , it is required from the generators to respond against this event in less than 150 ms. Since the first step takes 200ms to be satisfied and the second 150ms, if Fc would not change from 100 to 300 Hz when it is necessary, this requirement would not be fulfilled. Therefore, the system would not be eligible for connection to the grid. Now, thanks to the customizable behavior, and without having changed any actual hardware in the system, the inverter responds 50 ms faster than before making it fully compliant with the regulation For simplicity, only the regulation of the PCC voltage function has been explained but, of course, the same procedure could be done with the remaining ancillary functions. Furthermore, a new set of Fc and PM could be chosen for each ancillary function without any problem. This also would contribute to the philosophy established in this paper of flexible operation dependent on the outer conditions. Naturally, this flexibility will be limited, by the stability of the whole system. IV. CONCLUSION A flexible and dynamic converter has been explained and demonstrated in this paper. Thanks to the tunable response of the system, the system can now be slow in the steady state regime and fast when there is any event on the grid. This dynamic response contributes to the stability and reliability of, not only the converter, but also the whole electrical grid, at the same time it makes the system more grid-friendly and tunable.
